ABSTRACT Modeling the effect of temperature on the sustainability of insectÐplant interactions requires assessment of both insect and plant performance. We examined the effect of temperature on western ßower thrips, Frankliniella occidentalis (Pergande), a generalist herbivore with a high reproductive rate, and chrysanthemum inßorescences, a high quality but relatively Þxed, ephemeral resource for thrips population growth. We hypothesized that different thrips versus plant responses to temperature result in signiÞcant statistical interaction of temperature with thrips abundance and ßower damage attributes over time. Experiments were conducted at Þve temperatures between 20.7 and 35.3ЊC, with thrips infestation and time after infestation as main effects. Only minor, uncontrolled variations in relative humidity and light intensity may otherwise have inßuenced the results. High temperatures lead to an initially rapid increase in density of thrips followed by abrupt declines in abundance. The rate of ßoral senescence increased with temperature and thrips infestation, as indicated by a reduced fresh biomass and greater leaching of yellow pigments. Multiple regression indicated that indices of plant damage responded more directly to thrips density at low than high temperature, supporting the conclusion that temperature affected the outcome beyond what was predictable simply from differential plant and insect optima. The relative intensity of damage caused by individual thrips decreased with increasing temperature, likely caused by thrips competition and reduced survival, growth, and fecundity on depleted inßorescences. Reduced per capita damage at high temperature may be common in insects exploiting Þxed plant resources that exhibit an accelerated rate of deterioration at high temperatures.
Temperature is the most important abiotic factor inßuencing insectÐplant interactions. Over relatively broad ranges, temperature directly inßuences insect and plant metabolism and thus their performance (Berry and Bjö rkman 1980, Gordon 1999) . For insects as ectotherms, temperature sets upper and lower limits within which rates of major functions (foraging, feeding, processing of energy and nutrients for growth and reproduction) vary almost linearly with temperature (Gordon 1999 , Bale et al. 2002 . Responses of insects to temperature are generally adaptive and speciÞc, and thus how much performance rises or falls per unit change varies between species and for different rate functions, depending on climatic adaptation and whether temperatures are integrated in the short (e.g., foraging) versus long (e.g., development, reproduction) term. Similarly for plants, temperature has direct and speciÞc biological effects on the rate of photosynthesis, allocation of carbohydrates and minerals to plant tissue growth and differentiation, defense metabolism, and phenological development to maturity and seed production (Berry and Bjö rkman 1980) . InsectÐplant interactions are generally sustained for substantial periods of time, within which each organism responds to short-and long-term temperature changes. To what extent does temperature affect insect growth and reproduction or the resulting amount of insect damage or how long can the host plant support herbivory is difÞcult to predict. The sustainability of such a relationship should depend on how fast the plant repairs or compensates for insect feeding versus how fast the insect develops and reproduces and thus increases its pressure on the host plant. When insects and host plants differ strongly in temperature adaptation, the outcome is predictable if temperature clearly extends outside the adaptive range of either protagonist. In such a situation, we should expect either rapid insect growth and reproduction with extensive plant damage and potential overexploitation, or alternatively, limited herbivore impact with continued plant growth and maturation at equal or slightly reduced rates. In general, however, more complex effects of temperature variation may be expected because of subtle differential temperature effects on the plant versus the herbivore, translating into more or less continuous shifts in the balance between their respective performances along temperature gradients.
Studies that evaluated the inßuence of temperature on the feeding rate of herbivorous insects (Logan et al. 1985, Lactin and Johnson 1995) have been conducted either using excised plant material or over brief periods (Ͻl d) , and therefore provide limited information on the dual or interactive effects of temperature on herbivores and their host plants. In fact, surprisingly few studies have simultaneously evaluated the consequences of herbivore infestation and temperature change in terms of plant damage versus plant tolerance or compensation. The cumulative damage caused by twospotted spider mites [Tetranychus urticae (Koch) (Acari: Tetranychidae)] on bean plants is a function of both population density and temperature-related feeding intensity (CandolÞ et al. 1991) . A positive relationship between temperature and the developmental rate of milfoil weevils [Euhrychiopsis lecontei (Dietz) (Coleoptera: Curculionidae)] coincides with a higher daily rate of damage per larva at increasing temperature; however, temperature does not inßuence the cumulative damage caused by individual larva through development, because the period of growth and development of individuals is substantially reduced (Mazzei et al. 1999) . The relative impact of squash bugs [Anasa tristis (De Geer) (Hemiptera: Coreidae)] on the vegetative and reproductive growth of seedling squash varies nonlinearly with temperature along a gradient of 20 Ð30ЊC (Woodson and Fargo 1991) . A general framework cannot be derived from these few studies, because none were primarily designed to comprehensively evaluate the effect of temperature on the relationship between herbivores and their host plants.
SpeciÞc hypotheses related to the consequence of herbivore infestation and temperature in terms of productivity or damage attributes of host plants (e.g., defoliation, necrosis of cell tissue, abortion of reproductive organs) largely remain to be explicitly stated and tested experimentally. When insects exploit relatively long-lived or perennial plants with a continuous growth over sustained periods, for example, an increase in temperature may either allow the plant to escape damage, have no impact on the relationship, or result in accentuated feeding damage. In contrast, when insects exploit resources with a Þxed carrying capacity and limited longevity (e.g., opening buds, ßowers, pollen, or other reproductive plant structures), and whose maturity and natural necrosis is accelerated by temperature, a greater potential for resource depletion and herbivore plant damage may exist.
Here we use the relationship between western ßower thrips, Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), and inßorescences of chrysanthemum, Dendranthema grandiflora (Tzelev) (Asteraceae), to experimentally examine the complex inßuence of temperature on damage caused by a fast reproducing insect exploiting a plant resource with a Þxed carrying capacity. In this relationship, western ßower thrips and chrysanthemum have opposite thermal responses in the range between 20 and 30ЊC. An increase in temperature reduces the longevity of inßorescences while enhancing the rates of development and reproduction of F. occidentalis up to a maximum of Ϸ28ЊC (Fig. 1) . These differential thermal responses suggest that, at high temperatures, the accelerated deterioration of inßorescences combined with an enhanced growth rate of thrips populations may lead to a cascading and dramatic breakdown of the relationship, resulting in a severe decline in thrips abundance over time. Temperature-mediated feeding impact of thrips on chrysanthemum inßorescences would be revealed experimentally in terms of significant statistical interaction, i.e., nonadditive effects of temperature and thrips abundance on attributes of inßorescences.
Our study focuses on the effect of temperature on the relative performance of F. occidentalis and chrysanthemum ßoral attributes. A factorial design was used to evaluate simultaneously the effects of temperature (Þve levels) and thrips infestation (two lev- Fig. 1 . Effect of temperature on the intrinsic rate of increase (r m ) of western ßower thrips (Robb 1989 , van Rijn et al. 1995 , Katayama 1997 , Gé linas 2000 and on the relative quality of cut chrysanthemum inßorescences, evaluated using fresh biomass 15 d after harvest (Adachi et al. 1999 ). els) on temporal variation (24-d period) in thrips abundance and damage related attributes of inßores-cence. We tested the overall hypothesis that different thrips versus plant responses to temperature result in signiÞcant statistical interaction of temperature with thrips abundance on ßower damage attributes over time. In particular, an increase in temperature is expected to (1) increase the overall intensity of damage caused by rapid growth of thrips populations and (2) lead to an abrupt decline in thrips density over time caused by the rapid deterioration of inßorescences.
Materials and Methods
Study Organisms. Chrysanthemums are cultivated worldwide in greenhouses as ornamental plants. Mature inßorescences represent an intrinsically ephemeral resource, and symptoms associated with the senescence of inßorescences include a progressive reduction in fresh biomass associated with a drooping of petal ßorets and a loss of carotenoid pigments causing a discoloration of ßorets over time (Head 1973 , Adachi et al. 1999 . At the cellular level, the senescence is caused by a disruption of membrane integrity and leakage of cellular content (Bartoli et al. 1995) .
The western ßower thrips is a polyphageous insect with a short generation time and high reproductive rate, especially when it feeds on ßowering plants (de Jager et al. 1993) . The high quality of inßorescences of chrysanthemum as a food for thrips results in high female fecundity (average of 250 eggs per individual) and a short developmental period varying between 34.2 d at 15ЊC and 9.5 d at 30ЊC (Robb 1989 , Katayama 1997 . Thrips pierce individual cells and suck up cellular ßuids while feeding (Ananhthakrishnan 1993) , resulting in a premature senescence of chrysanthemum inßorescences (van Dijken et al. 1995 , Rhainds and Shipp 2003 , Rhainds et al. 2005 , 2007 . The population dynamics of thrips on ßowering chrysanthemum is characterized by an initially high rate of reproduction for a few generations followed by a depletion of the food source, resulting in premature necrosis of ßoral tissue, a decline in development and reproduction of thrips, and a high rate of emigration among adults (de Jager et al. 1993 , van Dijken et al. 1995 , Rhainds and Shipp 2003 .
Environmental Conditions. The experiment was carried out between 25 October 2004 and 27 February 2005 in Þve "plant growth" chambers (Conviron PGR15; Controlled Environments, Winnipeg, Manitoba, Canada), each programmed at a different temperature (16, 20, 24, 28 , and 32ЊC) under constant photoperiod (18:6 L:D h) and relative humidity (65%). Light was provided in each chamber by sixteen 160-W ßuorescent lamps and twelve 60-W incandescent lamps mounted horizontally. Before the onset of the experiment, the height of the lamps in each chamber was adjusted to 115Ð120 cm above the ßoor level to provide a light intensity of 250 Ϯ 10 mol/m 2 /s, as measured with a PAR photometer (model li-185a; Licor Biosciences, Lincoln, NE).
Between 1 and 6 December, an external data logger (Hobo U12; Onset Computer, Bourne, MA) was placed inside one experimental cage (see below) of each chamber to record hourly variations of temperature, relative humidity, and luminosity through the day. The temperature was substantially higher during the photophase than the scotophase (Table 1) , which can be attributed to a greenhouse effect within the cages. The gradient of average temperatures observed in different chambers closely matched the gradient of programmed temperatures both during the day and night, with daily averages exceeding the temperature set point by 3.3Ð5.3ЊC (Table 1) ; the observed average daily temperatures were used for subsequent multiple regression models. The extent of variation in light intensity between environmental chambers was relatively small (Table 1 ). The relative humidity was lower during the photophase than the scotophase and increased with temperature, with the exception of the chamber programmed at 24ЊC, which was characterized by a low relative humidity (Table 1) .
Because temperature and relative humidity were positively correlated in the environmental chambers (Table 1) , it cannot be entirely ruled out that variation in vapor pressure deÞcit affected to some extent our results. Despite this potential confounding effect, humidity is likely to have a reduced impact on the relationship between thrips and chrysanthemum because (1) the level of thrips activity is affected to a much larger extent by variation in temperature than humidity (Shipp and Zhang 1999) ; (2) direct effects of humidity variation on thrips are buffered within the boundary layer of live plant tissue (Shipp and Gillespie 1993) ; and (3) within the effective range in our study, humidity has a weak inßuence on the growth and ßowering of chrysanthemum (Hand et al. 1996) . Experimental Setup. Flowering chrysanthemum plants (cultivar Chesapeake) provided by Yoder Canada (Leamington, Ontario, Canada) were maintained in groups of four to Þve rooted cuttings in 10.5-cmdiameter by 9-cm-high plastic pots. At the onset of experiments, 50 Ð75% of the inßorescences were open. No insecticides had been applied to the plants for a minimum of 2 wk before conducting experiments. Plants were enclosed in 22 by 36 by 36-cm high screen cages (mesh size of 230 by 230 m). Because the number of inßorescences per potted plant varied (20 Ð50 inßorescences/plant), potted plants were either enclosed individually (four replicates) or in groups of two (six replicates) inside cages to attain a relatively constant number of 40 Ð50 inßorescences per cage.
After a preliminary assessment of thrips abundance and inßorescence attributes on experimental plants (see below), the plants were enclosed in screen cages that were either left uninfested (control plants) or infested with 150 adult thrips per cage at a ratio of nine females to one male. Thrips used for infestations were collected from a colony maintained on ßowering chrysanthemum at 22ЊC, 60 Ð 80% RH, and 16:8 (L:D) h photoperiod. One cage containing an infested plant and one cage containing a control plant were assigned to each temperature treatment, corresponding to 10 caged plants per replicate (Þve temperatures and two levels of infestation). Plants were watered daily from the top of the cage throughout the experiment, which lasted 24 d. The few inßorescences that exhibited symptoms of Erwinia sp. infection (rotten peduncles) were discarded. The experiment was repeated over time in three series of replicates initiated between 25 and 28 October 2004 (N ϭ 4), 7 and 13 December 2004 (N ϭ 4), and 2 and 3 February 2005 (N ϭ 2), corresponding to a total of 10 replicates.
Protocol to Assess the Density of Thrips and the Biomass of Inflorescences. Before the experiment, the density of thrips and the biomass of inßorescences were evaluated as follows. For every plant, four to Þve inßorescences were individually washed for 5Ð10 s each in a solution of 70% ethanol (with a volume of 15 ml/inßorescence, which remained constant for all observations reported herein), and the extract of pooled inßorescences was Þltered through a Bü chner funnel to record the number of thrips; only two thrips were recovered from 426 inßorescences at the onset of the experiment. Washed inßorescences were cut at the base of the receptacle, left standing for 2Ð3 h to let the ethanol evaporate, and weighed to the nearest 0.01 g to determine fresh biomass. The procedure was repeated every sixth day on three to six inßorescences (depending on their availability) for each plant.
The efÞcacy of ethanol washing to estimate thrips density was evaluated as follows, using the inßores-cences remaining on plants on completion of the experiment in the Þrst eight replicates. The density of thrips was compared among four successive extractions in ethanol by washing the same inßorescences for 5Ð10 s in each extract. The number of thrips extracted from inßorescences decreased sharply in successive extracts, with a majority of individuals extracted in the Þrst one (Fig. 2) . In addition, the number of thrips in the Þrst extract was positively correlated with the number of thrips collected in subsequent extractions (Fig. 2) .
Protocol to Assess the Leaching of Carotenoid Pigments from Inflorescences. The intensity of feeding damage caused by thrips on chrysanthemum inßores-cences was evaluated by recording the absorbance of ethanol extract at diagnostic wavelengths characteristic of lutein, a predominant carotenoid pigment responsible for the yellow coloration of chrysanthemum inßorescences that is soluble in organic solvents (Rhainds et al. 2007 ). To quantify the intensity of yellow coloration in ethanol extracts of inßoresences, 30 ml of the solution used for extracting thrips from each plant was collected in a glass vial. The procedure was repeated every 12th day, starting at the onset of the experiment, and solutions were stored in the dark at 4ЊC. A 12-ml subsample of each ethanol extract was concentrated to 3 ml using a gentle ßow of nitrogen. The concentrated sample was centrifuged at 10,000 rpm for 15 min to clear the solution, and the absorbance was read at the maximal absorption peak of lutein (445 nm) (Zang et al. 1997 ) using a HewlettÐ Packard 8453 UV-Vis spectrophotometer (HewlettÐ Packard, Loveland, CO) zeroed to a solvent blank. Fumigation of Control Plants. Data from the Þrst four replicates indicated that adult thrips could escape from infested cages through the screen material, resulting in unintended infestation of control plants. To reduce the infestation of control plants in subsequent replicates, control plants that were found to be infested with at least one thrips (as determined from observations conducted 6, 12, or 18 d after the onset of the experiment) were placed in groups of four inside a closed 66-liter plastic box and fumigated with 200 ml of ethyl acetate for 165 min; preliminary observations indicated that this procedure effectively killed most thrips in chrysanthemum inßorescences with no apparent effect on ßower attributes. Variation in abundance of thrips over time did not differ for fumigated versus nonfumigated control replicates, and therefore, they were pooled for statistical analysis.
Statistical Analyses. Statistical analyses were conducted using the SAS statistical package (SAS Institute 1988). The experimental unit was deÞned as a group of three to six inßorescences sampled at different dates after infestation. The density of thrips per inßores-cence and attributes of inßorescences (fresh biomass, absorbance of ethanol extract at diagnostic wavelengths) were compared for different times postinfestation, temperatures, levels of infestation, and experimental bloc (three series of replicates) by Þtting a split-split-plot analysis of variance (ANOVA) model using the mixed procedure of SAS, with temperature as the main plot (T, Þve levels), infestation as the subplot (I, two levels), and date of sampling as the sub-subplot (D, four levels; Table 2 ). Model sources T, I, D, T ϫ I, T ϫ D, I ϫ D, and T ϫ I ϫ D are Þxed effects, whereas the other sources (block, errors) are random effects. The interaction between factors was modeled as the product of the main effects. Normality assumption was veriÞed using the Shapiro-Wilk statistic, and the homogeneity of variance was examined visually with the graph of residuals against predicted values. After a signiÞcant effect in the ANOVA model, Fisher protected multiple comparisons were performed to point out signiÞcant pairwise differences. SpeciÞc contrasts were also constructed (Table 3) to study the variation in time of the interaction T ϫ I; this is a decomposition of the interaction T ϫ I ϫ D conditioned to each level of D (four levels for thrips abundance, two levels for absorbance).
Multiple regression analyses were used to simultaneously model the effects of temperature (x 1 ) and density of thrips (x 2 ) on attributes of inßorescences infested with thrips (y: fresh biomass of inßores-cences, absorbance of ethanol extracts) for different intervals postinfestation using the following model: y ϭ ␤ o ϩ ␤ 1 x 1 ϩ ␤ 2 x 2 ϩ ␤ 3 x 1 ϫ x 2 ϩ e. SigniÞcance of the ␤ 3 parameter indicated that the slope of the relationship between biomass and thrips abundance changes with temperature. The procedure REG of SAS was used to Þt this regression model. Because the a Note that for thrips abundance and absorbance at 445 nm, two-way interactions T ϫ I seem to be insigniÞcant (P ϭ 0.7062, P ϭ 0.933) because of highly signiÞcant three-way interactions (P Ͻ 0.0001; P ϭ 0.0037); variation over time of these T ϫ I effects is examined further in Table 3 .
The test was designed as a split-split-plot model, and results were analyzed by the MIXED procedure of SAS. The total no. of test replicates (N ϭ 10) is distributed over three blocks in time. Note that for both variables, the signiÞcance of the two-way interactions varies in time, with the T ϫ I effect being signiÞcant for some but not all sampling days (see Figs. 3 and 4 for overall trends and Table 2 for overall ANOVA showing the highly signiÞcant three-way interactions (T ϫ I ϫ D) between temperature, infestation, and day after infestation). intensity of thrips damage was assumed to be mainly cumulative, the overall density x 2 of thrips was estimated at two intervals (12 and 24 d after infestation) as follows: x 2 for i ϭ 12 ϭ (n 6 ϩ n 12 )/2, and x 2 for i ϭ 24 ϭ (n 6 ϩ n 12 ϩ n 18 ϩ n 24 )/4, in which n i represents the number of thrips sampled per inßorescence 6, 12, 18, and 24 d after infestation.
Results
Abundance of Thrips. Thrips were considerably less abundant on control inßorescences than on infested inßorescences; their density on control inßorescences eventually increased to about Þve thrips per inßores-cence over time at the highest temperatures (Fig. 3) . The overall abundance of thrips varied signiÞcantly with temperature and infestation level, but these effects were complex, as indicated by the signiÞcant three-way interaction temperature ϫ infestation ϫ day (P Ͻ 0.0001; T ϫ I ϫ D effect in Table 2 ). Note that the statistically nonsigniÞcant two-way interaction temperature ϫ infestation (T ϫ I in Table 2 ) results from T ϫ I effects varying with sampling dates, and thus cancelling each other, as conÞrmed by contrasts examining T ϫ I effects over time (Table 3) . These show that the T ϫ I interaction was signiÞcant early in the experiment (day 6) but nonsigniÞcant thereafter. We therefore conclude that, although the density of thrips was affected by temperature, the effect was not consistent over time and varied for infested versus control inßorescences.
Distinct demographic trends were observed on infested inßorescences at different temperatures (Fig.  3) . For temperatures 20.7Ð28.9ЊC, the density of thrips steadily increased to reach an average of only Ϸ10 individuals per inßorescence 12 d after the onset of the experiment and either remained stable or slightly declined thereafter (Fig. 3) . For temperatures 31.7 and 35.3ЊC, in contrast, the abundance of thrips rapidly increased within only 6 d after infestation to Ͼ25 individuals on average per inßorescence, and abruptly declined thereafter; very few thrips were sampled on inßorescences maintained at these temperatures toward the end of the experiment (Fig. 3) .
Biomass of Inflorescences. The fresh biomass of inßorescences declined with temperature, and from day 12 was clearly lower for plants infested with thrips than control plants (Fig. 4) . The signiÞcant two-way interactions temperature ϫ day (T ϫ D) and infestation ϫ day (I ϫ D; P Ͻ 0.0001; Table 2) conÞrmed that (1) declines in biomass over time were most intense at high temperatures and (2) temperature had different effects on temporal variations in biomass for infested inßorescences compared with control inßo-rescences (Fig. 4) . The overall ANOVA suggests a lack of signiÞcant interactions involving temperature (T ϫ Table 2 . Table 2. I and T ϫ I ϫ D effects in Table 2 ). However, multiple regression modeling of data of infested inßorescences 12 d after infestation (near midcourse of experiment) reveals a clear effect of temperature on fresh biomass (Fig. 5) . The relationship between thrips density and fresh biomass was characterized by declining negative values of the slope with increasing temperatures (P ϭ 0.031), which indicates that thrips density had a decreasing impact on this index of damage as temperature increased (Fig. 5) . No signiÞcant differences in slopes were observed 24 d after infestation.
Absorbance of Ethanol Extracts of Inflorescences. The absorbance increased from a very low initial level and remained higher for infested inßorescences than control inßorescences until 24 d after infestation, except for plants maintained at 31.7 and 35.3ЊC (Fig. 4) . Note that, in the ANOVA of absorbance (Table 2) , lack of both a main temperature effect (P ϭ 0.1926) and T ϫ D effect (P ϭ 0.9433) are misleading, given the signiÞcant three-way interaction T ϫ I ϫ D (P ϭ 0.0037). A posteriori contrasts separately examining T ϫ I interactions over time revealed that statistical signiÞcance depended on time after infestation (Table  3) . Twelve days after infestation, the absorbance of control inßorescences did not vary with temperature, whereas that of infested inßorescences increased with temperature (Fig. 4) . In contrast, 24 d after infestation, temperature had a positive inßuence on the absorbance of control inßorescences but a negative inßu-ence on that of infested inßorescences (Fig. 4) . As with fresh biomass, multiple regression modeling of data of infested inßorescences 12 d after infestation reveals a clear effect of temperature on the level of absorbance (Fig. 5) . Note again that the positive slopes of the relations between thrips density and absorbance level declined with temperature (P ϭ 0.021), to the extent that no signiÞcant relationship was observed at 35.3ЊC (Fig. 5) . No signiÞcant differences in slopes were found 24 d into the experiment.
Discussion
Quantifying parameters that inßuence the relationship between herbivores and their host plants is important, both from a fundamental perspective to better understand the ecological and evolutionary processes related to herbivory and from an applied perspective to predict the intensity of feeding damage caused by insect pests. Complex interactions resulting from differential temperature effects on the performance of insect herbivores and their host plants can be expected, notably in the system studied here. Physiological processes of chrysanthemum related to vegetative growth, ßower production and maintenance, and pollen germination are optimum in the 18.5Ð20ЊC range (Karlsson et al. 1989 , Karlsson and Heins 1992 , Jakobsen and Martens 1994 . In contrast, the temperature optimizing the rate of population increase (R m , which is a good estimate of overall development and reproductive rates) of F. occidentalis on chrysanthemum (and other host plant species) is near 28ЊC (Fig. 1) . A gap of 8 Ð9ЊC between temperature optima for F. occidentalis and chrysanthemum most likely resulted in our experiment in a more rapid population growth of thrips versus faster deterioration of their ßoral resource at elevated temperatures (Figs. 3 and 4) . This supports the hypothesis that temperature gradually switches the balance in favor of thrips as temperature increases above 20ЊC, as might be predicted from their differential temperature optima for metabolic functions (Fig. 1) .
Here, however, the ephemeral nature and Þxed carrying capacity of inßorescences as a resource for thrips played a major role. Most interestingly, regression models revealed that two indices of chrysanthemum damage were more directly linked to thrips density at low temperature than at high temperatures, which is consistent with the prediction that temperature does not similarly affect all critical functions of insects and their host plants. Together with statistical interactions involving temperature in ANOVA (Tables 1 and 2 ), these models best show the particulars of differential effects of tempera- ture on insects versus plants in this system. Even though the overall abundance and consequent feeding impact of thrips increased with temperature (Figs. 3 and 4) , the declining slopes with temperature of the relationships between thrips density and either biomass or absorbance of infested inßorescences (Fig. 5) suggests that the intensity of thrips damage on a per capita basis was lower at high temperatures. Reduced feeding impact of thrips at elevated temperatures may result from intense competition at high population density and reduced growth and fecundity among individuals (Figs. 3 and 4) , in combination with the rapidly decreasing nutritional quality of inßorescences. A relatively low intensity of damage caused by individuals at high temperatures may be common in insects that exploit resources with a Þxed carrying capacity and an accelerated rate of deterioration at high temperatures. In contrast, for insects that exploit plants or plant parts with a continuous growth and potential to compensate for damage, increased temperature may enhance growth rates of the herbivores and their host plants in a more balanced way, and hence the inßuence of temperature across trophic levels cannot be generalized.
Within 6 d after infestation of chrysanthemum, the density of thrips per inßorescence increased with temperature (Fig. 3) , which is consistent with known direct temperature effects on the rates of development and reproduction of F. occidentalis (Robb 1989 , van Rijn et al. 1995 , Katayama 1997 . As time elapsed, however, the abundance of thrips on infested inßo-rescences eventually declined with temperature, and inßorescences maintained at the highest temperatures (31.7 and 35.3ЊC) carried a very low number of thrips 24 d after infestation (Fig. 3) . This steep decline in thrips abundance can be attributed to feeding-induced deterioration of the food resource (van Dijken et al. 1995, Rhainds and Shipp 2003) interacting with temperature-driven ßoral senescence. Such temperature-mediated modulation of the rate of depletion or replacement of host plant resources is a poorly understood relationship that may inßuence the population dynamics of herbivorous insects with a high growth potential and the capacity to overexploit their host plants.
The increasing density of thrips on control plants over time, particularly at high temperatures (Fig. 3) , suggests a high rate of dispersal among adults from infested plants. Dispersal from crowded and depleted plants and preferential colonization of plants infested with few conspeciÞcs are adaptive traits in ßower thrips such as F. occidentalis that have the potential to overexploit ephemeral food resource Shipp 2003, Rhainds et al. 2005) . Density-dependent dispersal by adult thrips should be of greater signiÞcance at high temperatures because of predictable accelerated depletion of ßower tissue and pollen, thus requiring rapid population turnover among plants of variable nutritional quality. In polyphagous insects like western ßower thrips, temperature-mediated deterioration of the host plant may also increase opportunities to switch between host species (Hellman 2002) .
In commercial greenhouse operations where temperature can be manipulated and is allowed to ßuc-tuate over a relatively broad range of 15Ð30ЊC (Dieleman et al. 2005) , understanding the complex inßuence of temperature on insect damage may improve pest management practices. Biological control of thrips population is routinely used in many greenhouse crops, thereby allowing to model and empirically assess the inßuence of temperature across trophic levels (host plantÐ herbivoreÐnatural enemy) and to document the magnitude of top-down and bottom-up effects along temperature gradients.
